The higher Rydberg states of the E 11 exciton in undoped and hole-doped single-walled carbon nanotubes (SWCNTs) were studied using one-and two-photon photoluminescence excitation spectroscopy. Increasing the hole-dopant concentration resulted in a redshift of the first excited state (2g) and a blueshift of the ground state (1u) of the E 11 exciton. From the redshift of higher Rydberg states, we found that a reduction of the band-gap energy occurs in hole-doped SWCNTs. These findings show that the exciton and electronic band structures are modified by the presence of a small number of holes in the SWCNT one-dimensional structures.
I. INTRODUCTION
The optical properties of semiconducting single-walled carbon nanotubes (SWCNTs) have been under intense investigation over the past decade from the viewpoints of fundamental physics and potential device applications. [1] [2] [3] Electrons and holes are strongly confined in the one-dimensional (1D) SWCNT structures of about 1 nm diameter. The strongly correlated electrons and holes form stable excitons with large exciton binding energies of several hundreds of meV. [4] [5] [6] They also exhibit unique and interesting optical phenomena such as quantized exciton-Auger recombination (excitonexciton annihilation) 7, 8 and multiple exciton generation. 9, 10 Very recently, positively charged excitons, which are one of the many-particle bound states, were discovered in SWCNTs by hole doping. 11 These observations of multiple exciton processes and exciton complexes indicate that SWCNTs are an excellent platform for studying many-body effects of excitons on the optical responses of 1D semiconductor quantum wires.
Extensive theoretical and experimental studies have been carried out elucidating the many-body effects of excitons in various semiconductor materials including bulk crystals and nanostructures. [12] [13] [14] One intriguing phenomenon resulting from many-body effects in semiconductors is band-gap renormalization (BGR), where the band-gap energy is modified by high-density excitons or carriers. BGR has been theoretically and experimentally studied in various 1D semiconducting wire systems including SWCNTs. [15] [16] [17] [18] [19] [20] [21] [22] However, no conclusive experimental observations of BGR in 1D wires, even in the high-density carrier region, have been reported. 18, 19 Optical transitions in 1D wires are concentrated in the lowest exciton state and the band-to-band absorption is very weak in the linear absorption spectra, 1, 23 which makes BGR hard to observe. Almost all previous studies examining BGR in 1D wires were carried out using sophisticated GaAs-based quantum wires, which have very small exciton binding energies on the order of 10 meV. 19 Thus the band-gap energy shift in 1D wires cannot be easily determined using simple optical absorption methods. However, it is expected that SWCNTs with large exciton binding energies will exhibit large shifts in the band-gap energies by carrier doping.
14 Thus experimental determination of the band-gap energies for carrier-doped SWCNTs is very important for many-body physics in 1D materials and nanotube device applications.
In this paper, we report the higher Rydberg exciton and band-gap energies for hole-doped SWCNTs studied using oneand two-photon photoluminescence excitation (PLE) spectroscopy. As the dopant molecule concentration is increased, a slight blueshift in the ground state of the E 11 exciton and significant redshift in the first excited state are observed. This finding clearly shows that band-gap shrinkage occurs due to hole doping. This remarkable result, that only a few holes modify the excited exciton and band-gap energies, opens up a new research field in 1D systems.
II. EXPERIMENT
SWCNTs were synthesized using the HiPCO and CoMo-CAT methods and dispersed in toluene solutions with 0.3 wt % poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO). 24 Moderate bath sonication was carried out for 60 min, followed by 5 h of vigorous sonication with a tip-type sonicator. Ultracentrifugation was then performed at 18 500 g for 90 min. The pristine SWCNT samples were used as undoped ones. 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F 4 TCNQ) in a 1 mg/ml toluene solution was used as a p-type dopant. 25 PLE spectroscopy was used to determine the higher Rydberg exciton energies and the band-gap energy of SWCNTs. PLE spectroscopy is a powerful tool for probing the higher electronic structure of a material. [4] [5] [6] [26] [27] [28] One-photon PLE spectra of the E 11 photoluminescence (PL) intensity were obtained using a tunable Ti-sapphire laser (700-1000 nm) and a liquid nitrogen cooled InGaAs diode array. Two-photon PLE spectra were performed using a wavelength-tunable femtosecond laser system (200 fs pulse duration and 200 kHz repetition rate) and a cooled InGaAs photomultiplier with a conventional time-correlated single-photon counting setup. In the two-photon PLE measurements, the uncertainty of the peak energy, which is determined by the single Lorentzian fitting procedure, was about 0.5 meV. All experiments were carried out at room temperature.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the absorption spectra of undoped CoMoCAT and HiPCO SWCNT samples. The absorption spectrum of the CoMoCAT sample is offset for clarity. A single strong peak at 1.184 eV is clearly observed in the CoMoCAT sample. This peak is assigned to the 1u state of the E 11 exciton (hereafter, E 11 -1u state) for (7,5) SWCNTs. 24 No significant absorption peaks originating from SWCNTs with other chiralities are observed. The absorption spectrum of the HiPCO sample has five large absorption peaks in the 0.9-1.2 eV region. They appear at 0.920, 0.965, 1.035, 1.092, and 1.185 eV, respectively. These peaks correspond to the E 11 -1u states for (9,7), (8, 7) , (8, 6) , (7, 6) , and (7,5) SWCNTs. 24 Undoped SWCNT samples with a maximum absorbance of about 0.5 were used for all measurements.
Figure 1(b) shows the absorption spectra of the E 11 -1u state for (7, 5) SWCNTs as a function of F 4 TCNQ dopant concentration. As the dopant concentration increases, the peak intensity strongly decreases and a small shift in the peak position to higher energies is observed. The absorption peak without tails can be approximately fitted by a single Lorentzian function, although asymmetrical tails are considered to be due to the intrinsic exciton-phonon scattering 29, 30 and extrinsic factors such as SWCNTs with other chiralities. Then, the peak energies in the absorption spectrum for the E 11 -1u state were determined from Lorentzian functions. Figure 1(c) shows the E 11 -1u exciton peak as a function of the dopant concentration. The shift in energy for this range of dopant concentrations is small. The blueshift of the E 11 -1u state by carrier doping was previously reported for a single SWCNT in the field-effect transistor (FET) structure. 31 Our results imply that the number of holes here due to chemical doping is small. (a) (b) (7, 5 ) CoMoCAT
(Color online) (a) Linear absorption (red curve) and onephoton PLE (blue curve) spectra for (7, 5) SWCNTs in the undoped CoMoCAT sample. (b) Diameter dependence of the energy difference between the E 11 -1u state and the X peak. The dashed line corresponds to 1/d dependence.
(filled triangles) intensities of (7, 5) SWCNTs in the CoMoCAT samples. As the dopant concentration increases, the PL and absorption intensities decrease. The decrease in PL intensity is much stronger than the corresponding decrease in absorption intensity. This indicates that quenching of the PL intensity arises from both a decrease in absorption and an increase in nonradiative recombination caused by hole doping.
Figure 2(a) shows the absorption (red curve) and onephoton PLE (blue curve) spectra of (7, 5) SWCNTs in the undoped CoMoCAT sample. Two large peaks are observed in the absorption spectrum at 1.18 and 1.90 eV, which correspond to the E 11 -1u and E 22 -1u exciton states, respectively. The one-photon PLE spectrum was measured in the energy region between the E 11 -1u and E 22 -1u exciton states. The PLE and absorption spectra are almost identical in this region. Three significant peaks appear at 1.39, 1.55, and 1.76 eV. The peaks at 1.39 and 1.76 eV correspond to the excitonic phonon sideband (PSB) 32 and the transverse exciton states (E 12 and E 21 ), 33 respectively. The E 12 and E 21 correspond to the optical transitions of exciton states consisting of different electron and hole subbands. The origin of the peak at 1.55 eV (labeled as X; hereafter the X peak) has not been discussed so far in ensemble samples. We also observed the X peak in (8, 7) , (8, 6) , and (7, 5) SWCNTs in the HiPCO sample between the E 11 -and E 22 -1u exciton states.
The energy differences between the X peak and E 11 -1u state as a function of the SWCNT diameter d are shown in Fig. 2(b) . The energy difference is inversely proportional to d (dashed line), which indicates that the X peak does not originate from other phonon sidebands. Since the exciton binding energy has a 1/d dependence, 34 it is suggested that the broad X peak is intrinsic higher exciton states such as the E 11 -3u state or the band-edge energy. An inherent characteristic of 1D excitons is that both the oscillator strengths and exciton binding energies of higher Rydberg states are extremely small. 1, 23, 35 Therefore, higher Rydberg states appear as continuous states in the vicinity of the band edge in undoped and carrier-doped SWCNTs. 35, 36 The band edge can be approximated by the X peak. Note that a similar peak due to the band edge has been reported in a suspended SWCNT. 27 As the dopant concentration increases, the PL intensity decreases and then the Raman signal intensity is comparable with the PL intensity. Raman signals obscure the energy shift of the X peak in hole-doped SWCNTs. Therefore, we need to use another method for determining the band-gap energy of hole-doped SWCNTs.
In direct-gap semiconductors, the exciton binding energy and the band-gap energy are usually determined from observations of the ground and excited exciton peaks. 37, 38 In SWCNTs the band-gap energy can also be evaluated from two-photon PLE measurements of the two-photon optically allowed first excited state of the E 11 exciton (hereafter, E 11 -2g state). 5, 6 For two-photon PLE measurements, the excitation power dependence of the PL intensity was carefully checked. Figure 3(a) shows the PL intensity of the undoped (7,5) SWCNT sample for excitation at 2E ex = 1.43 eV. For intensities below 1.1 mW the PL intensity is proportional to the square of the excitation power. As a result, all two-photon PLE measurements were performed at intensities below 1.1 mW. Figure 3(b) shows a two-photon PLE map of the HiPCO sample. The PL signals from different SWCNTs in the HiPCO sample are distinguishable from each other using two-photon PLE techniques. Figure 3(c) shows the dopant-concentration dependence of the two-photon PLE peak for (7, 5) SWCNTs in the CoMoCAT samples. Based on the optical transition selection rules, this peak corresponds to the E 11 -2g state. [4] [5] [6] The positions of the peak energies for the E 11 -2g state in hole-doped SWCNTs are evaluated by fitting the data with a single Lorentzian function (solid lines) in the range 1.35-1.47 eV, where the higher excited exciton states and band-to-band transitions cause a tail in the PLE spectrum at the high-energy region above 1.5 eV. The peak positions for the (7, 5) SWCNTs are plotted as a function of dopant concentration in Fig. 3(d) . The energy of the E 11 -2g state is slightly redshifted as the dopant concentration is increased. The shift in the peak for the E 11 -2g state is opposite in direction to that of E 11 -1u state.
The band-gap energy can be evaluated from the relationship between the E 11 -1u and E 11 -2g states, 5, 6 
where E g is the band-gap energy, E 1u is the E 11 -1u state energy, E 2g is the E 11 -2g state energy, and α is a constant. The value of α in Eq. (1) has been calculated theoretically. 5, 6, 35 For undoped SWCNTs the mean value is approximately 1.4. Using α = 1.4, the band-gap energies of SWCNTs in the CoMoCAT and HiPCO samples were evaluated. The resulting band edge energy is very close to the X peak energy observed in the one-photon PLE spectra. This result supports the conclusion that the X peak corresponds to the band gap of the E 11 subband and enables the derivation of accurate α values for a variety of SWCNTs. For undoped SWCNTs α lies between 1.4 and 1.5, which is consistent with the theoretical calculations 6, 35 [see Fig. 4(a) ]. Figure 4(b) shows the dopant concentration dependence of the band-gap energy shrinkage E g evaluated from Eq. (1) using α = 1.49 for (7, 5) SWCNTs. The reduction in the band gap is approximately 5 meV at a dopant concentration of 400 μg/ml.
Hereafter, we consider the origin of the energy shifts of the exciton states and the shrinkage in the band gap for hole-doped SWCNTs. In general, the energy shifts of the exciton states due to the change in the Coulomb interaction are determined by the self-energy corrections and the reduction of the exciton binding energies. 1, 21 In SWCNTs, the carbon atoms exist on the surface of the structure. The electronic structure of SWCNTs is therefore strongly affected by the surrounding environment. 26, 27, 36, 39 If the dielectric constant of the surrounding material changes, the exciton states (e.g., E 11 -1u and E 11 -2g states) shift in the same direction as previously reported experimentally and theoretically. 27, 36 However, in our experiments, where the surrounding environment was a solvent, the E 11 -1u and E 11 -2g states shift in opposite directions upon hole doping. This result cannot be explained considering only changes in the dielectric constant of the solution in which the SWCNTs are suspended. It was also reported that mechanical strain causes a change of the band structure of SWCNTs. 40 However, in SWCNTs, a strain induces an energy shift of the E 11 -1u state and the band gap into the same direction 41 ; therefore, it is unlikely that the strain effect is the origin of the observed energy shifts. On the other hand, the observation that the E 11 -1u and E 11 -2g states shift in opposite directions upon hole doping is consistent with theoretical calculations that consider dynamical screening induced by hole doping. 21 The calculation implies that the reduction of the binding energy of the E 11 -1u state is larger than that of the self-energy. Therefore, we attributed the blueshift of the E 11 -1u state and the shrinkage of the band gap to screening of the Coulomb interaction by the injected holes.
Finally, we evaluate the hole density in doped SWCNTs and discuss the band-gap shrinkage in SWCNTs. Evaluation of the number of holes, due to chemical doping, in SWCNT solutions is a difficult process. Thus we evaluate the hole density in our samples by comparison with single SWCNTs in the FET measurements. 31 Assuming that the reduction in the PL intensity observed in the FET measurements corresponds to the reduction in the absorption intensity observed in our measurements, the hole density is estimated to be about 1.5 × 10 −2 nm −1 for a dopant concentration at 400 μg/ml. This corresponds well to femtosecond transient absorption measurements where the hole density is estimated to be about 1.5 × 10 −2 nm −1 for the same doping concentration, 42 assuming that the exciton excursion range in SWCNTs is about 100 nm, 43 and indicates that the band-gap shift in SWCNTs results from a small number of holes. The renormalized band-gap energy of 1D wires was numerically calculated as a function of the electron-hole (e-h) pair density, using the self-consistent screened T-matrix approximation and the screened Hartree-Fock (HF) approximation. 22 This calculation predicts that a reduction in the band-gap energy starts at n/a 1D = 0.01, where n is the e-h pair density and a 1D is the exciton size. 22 In (7,5) SWCNTs, with an exciton size of 1.4 nm, 44 a band-gap shift is expected for low e-h pair densities around 1.4 × 10 −2 nm −1 . This estimated value of e-h pairs is roughly coincident with the number of holes in our experiments, and therefore our conclusion seems to be plausible. Moreover, in 1D systems such as SWCNTs, we need to consider the charge imbalance effects. 45 In highly uniform 1D GaAs quantum wires, electron doping causes a large BGR even at low electron densities, 45 while no significant BGR is observed under photoexcitation. 19 A large BGR is caused by charge carrier doping rather than photodoping of e-h pairs. Furthermore, it was theoretically shown that strong dynamical screening effects due to acoustic plasmons cause a very large BGR in hole-doped SWCNTs. 21 These experimental and theoretical studies support that SWCNTs show large band-gap energy shifts by hole doping. However, the theoretical calculations for BGR were believed to be valid only for 1D nanowires with high-density e-h pairs 22 and SWCNTs with high-density carriers. 21 Our study shows that a small number of holes can modify the exciton and electronic band structures of 1D SWCNTs. It is believed that the band-gap energy shift is very sensitive to the number of holes and the hole-number distribution in the sample. Unfortunately, there are no theoretical studies of band-gap shrinkage and screening effects for short 1D structures with a few particles. Our experimental study provides insights into the physics of the BGR mechanism behind semiconductor nanostructures. For a better understanding of band-gap shrinkage in SWCNTs and 1D wires, theoretical studies for a few particle effects on 1D nanowires are required.
IV. CONCLUSION
In conclusion, the ground and exited exciton states were determined for undoped and hole-doped SWCNTs using oneand two-photon PLE measurements. Increasing the dopant concentration resulted in a blueshift on the E 11 -1u state and a redshift on the E 11 -2g state. This indicates that a shrinkage in the band-gap energy occurs upon hole doping.
